Abstract The chinstrap penguin (Pygoscelis antarctica) is the smallest penguin species to be used to study the physiology of fasting. We analysed body-mass change and plasma chemistry of five non-breeding chinstraps during an experimental fasting period in the breeding season. We also analysed the same parameters in six fasting birds under natural conditions (during an incubation shift, which lasts about 10 days). Both groups presented similar patterns of change, showing a rapid increase in urea and uric acid plasma concentrations. Urea surpassed 3 mmol/l after 5 fasting days, while uric acid reached 1 mmol/l after 9 days. Plasma glucose levels decreased after 11 days, whereas cholesterol also showed a clear reduction during fasting. These results as a whole suggest that chinstrap penguins reached phase III after a short period in comparison with other Pygoscelis species. Body size and ecological factors could explain these inter-specific differences.
Introduction
The extreme weather conditions in the polar regions are unique on Earth. Animals have adapted to these extremes by means of a variety of strategies such as long fasting periods during reproduction. Fasting physiology has been extensively studied in two penguin species, the emperor penguin (Aptenodytes forsteri) and the king penguin (A. patagonicus; e.g. Groscolas 1986; Cherel et al. 1988a; Robin et al. 1988) , and has also been assessed in the gentoo penguin (Pygoscelis papua; Cherel et al. 1993) . The length of fasting periods during the breeding season is greatly variable among penguin species. Emperors fast for 1-4 months (Williams 1995) , kings for up to 54 days (Stonehouse 1960 ) and macaroni penguins (Eudyptes chrylosophus) may fast for around 40 days (Williams 1995) . The Ade´lie penguin (P. adeliae) fasts for 10-40 days (Ulbricht and Zippel 1994; Bucher and Vleck 1999) , whereas gentoos fast for short periods (2-3 days; Cherel et al. 1993) . This variability suggests species-specific differences in fasting physiology.
Three fasting phases based on changes in body mass, protein and lipid reserves have been proposed in penguins (e.g. Cherel et al. 1988b; Robin et al. 1988 ) and other birds (e.g. Handrich et al. 1993; Sartori et al. 1995) . In the first phase (named phase I), body mass shows a significant reduction in a short period of time. Phase II presents a slow and stable daily weight descent over a period that can vary depending on the capacity of each species to support fasting periods. Finally, phase III consists of a quick increase in body-mass loss that reaches a critical level close to death (a recent review in Cherel and Groscolas 1999) .
In species adapted to fasting, protein is the fuel whose exhaustion determines survival, given its importance in body structure and muscle function (Cherel et al. 1988a; Castellini and Rea 1992; Groscolas and Robin 2001) . The plasma nitrogen wastes derived from protein catabolism (urea and uric acid) decrease during phase I, maintain a low and stable concentration throughout phase II, and rise suddenly to reach their highest concentrations during phase III (use of muscle proteins as an energy source). This last increment precedes the bird's death or, as in the case of penguins, can lead to the abandonment of breeding duties in order to re-feed (''refeeding signal''; Cherel et al. 1988b; Castellini and Rea 1992; Groscolas and Robin 2001) .
However, in birds, the largest reservoir of body fuel is in the form of fat, stored as triglycerides (Griminger 1986 ). Plasma triglycerides regularly decrease during fasting (Jenni-Eiermann and Jenni 1994), though they were not analysed in this three-phase model. Cholesterol is another lipid that has been recently related to fasting periods because it shows a strong correlation to bodymass change, decreasing during fasting probably as a consequence of a reduction in the anabolic activity (Alonso-Alvarez and Ferrer 2001) . Finally, plasma glucose maintains its levels, only decreasing in phase III (Cherel et al. 1988b; Boismenu et al. 1992 ). This carbohydrate is a critical fuel source for the central nervous system and, therefore, its circulating level is tightly controlled (Castellini and Rea 1992) .
In the present study, the physiological adaptation of chinstrap penguins (P. antarctica) to fasting was analysed by means of plasma biochemistry. This is the smallest penguin species to have been used to study fasting physiology (range 3-5 kg; Williams 1995). As they wait for their mates to take over incubation duties (during their ''incubation shift''), they may have to endure around 6-10 days of fasting (Williams 1995) . This supposes a fasting length intermediate between the other two Pygoscelis species (see above), although gentoos showed a strong capacity to endure experimentally prolonged fasting (13 days, Mougin 1972; 12 days, Cherel et al. 1993) . We analysed variations in plasma chemistry composition and body mass in captive and free-living incubating chinstraps and showed changes in enzymes and other plasma parameters. Although these changes may not directly reflect body composition (e.g. Brown 1996; Stevens 1996) , they have been extensively used to describe the state of fat or protein reserves and to analyse the avian fasting process (e.g. Castellini and Rea 1992; Alonso-Alvarez and Ferrer 2001; Groscolas and Robin 2001) .
Materials and methods
This study was carried out on Deception Island, South Shetland Islands (62°55¢S, 60°46¢W), at the beginning of December during the 1990-1991 Antarctic summer, when penguins were not moulting, to thus eliminate changes in blood metabolites related to feather production (see Cherel et al. 1988c; Groscolas and Cherel 1992; Cherel et al. 1994) . Three male and two female non-breeding adult chinstrap penguins were captured outside the rookeries (sexed according to Amat et al. 1993) . Non-breeding adults were easily identified by the absence of incubation patches and by their peripheral position in the colony.
To consider the possibility of a previous bad body condition of these individuals, we compared them with another 138 incubating birds (65 males and 73 females). Their body masses (males: 4,080 and 4,220 g; females: 3,340, 3,500 and 3,880 g) were higher than the mean values for the breeders (males: 3,909 g, females: 3,300 g). Moreover, the body masses corrected by differences in body size were compared. A linear regression between log-transformed mass and bill length was performed, including both the mass of the 138 birds and the 1st-day mass of our experimental birds (R 2 =0.38, P=0.001, and R 2 =0.35, P=0.004, males and females respectively; see e.g. Brown 1996) . The residuals of the non-breeders were positive (range: +0.02-+0.17).
The captured penguins were kept outdoors in a fenced area, snow being given daily ad libitum as a water source. In order to avoid stress, this area was situated in an isolated place and only visited once a day. From capture onwards, birds were not fed for 11 days (experimental fasting). Originally, a 14-day fasting period had been intended, based on data from 8 birds that had deserted after 14 days fasting during incubation (unpublished observations). However, in order to avoid death, the penguins were re-fed after 11 days, since they had reached very high urea and uric acid plasma values, as well as lower glucose levels than those described for the species (Aguilera et al. 1993; Ferrer et al. 1994 ; blood samples were immediately analysed; see below). After the experiment ended, birds were treated with intravenous glucose and liberated, and regularly sighted in the colony over the period of a month. We used small sample sizes in order to avoid imposing unnecessary suffering on more individuals (Still 1982) . In addition, six free-living incubating birds (three males and three females) were sampled in order to validate the study. The number of days these birds had already spent fasting before sampling was known.
Captive penguins were measured and weighed the day after capture (day 1) and, thereafter, weighed every other day. We recorded body mass using a spring balance (accuracy 10 g). The variable Cumulative Body-Mass Loss was defined as the proportion of body mass lost relative to the weight at the beginning of the experiment. The Relative Body-Mass Loss represented the change in body weight with respect to the previous sample and allowed us to observe small changes during 2-day periods.
Blood samples of captive individuals were also collected every other day from day 1 onwards (always before weighing). All blood samples were drawn between 1100 and 1400 hours (solar time) to eliminate possible diurnal fluctuations caused by circadian rhythms (Ferrer et al. 1994) . We extracted up to 2 ml of blood from the brachial vein. Blood was collected in lithium heparin tubes. Centrifugation and plasma separation (10 min at 3,000 rpm) were done less than 6 h after the sample was drawn. Blood analyses were carried out in a portable autoanalyser (Reflotron II, with the reagents recommended by Boehringer-Mannheim). Uric acid, urea, triglycerides, glucose and cholesterol were determined. Triglycerides analyses included amounts of free glycerol (following McGowan et al. 1983 ). All analyses were carried out less than 8 h after the blood extraction.
Non-parametric statistics were used conservatively due to the small sample size. Since experimental data were dependent on each bird, Wilcoxon matched-pairs signed-ranks test was applied in order to analyse within-subject differences between two sampling days, while Friedman's test was used to determine within-subject change throughout the experiment.
Results
The mean body mass of captive penguins at day 1 was 3,804 g. At the end of the experiment, 31.8% of their initial weight had been lost (mean value; range 24.9-43.4%). Cumulative body-mass loss regularly increased during fasting (Friedman's test: v 2 =20.0, df=4, P<0.001), whereas relative body-mass loss showed a stable pattern (v 2 =0.96, df=4, P=0.960; mean 7.5%, range 1.1-12.2%; Fig. 1 ).
Plasma uric acid and urea values clearly increased throughout fasting (Table 1 ; Fig. 2) . However, urea concentration showed a decrease from the 1st to the 3rd day in captive birds (Wilcoxon matched-pairs signedranks test: Z=2.02, P<0.05) and uric acid showed a tendency to statistical significance in the same direction (Z=1.75, P=0.08; Fig. 2) . Triglycerides levels showed an unstable pattern during the experimental fasting. There was no significant difference between concentrations on the first and last days, although there was variation throughout the whole experiment (Table 1) . Thus, this lipid showed an increase during the first days (day 1 vs day 3: P<0.05), decreasing to initial levels by day 9 (day 7 vs day 9: P<0.05), and again increasing on the last day of sampling (day 9 vs day 11: P<0.05). Glucose was more or less stable during the first 9 days, descending on the last day (Fig. 2) . Cholesterol plasma concentration decreased during the experiment. Although there was no significant change between initial and final cholesterol values (Table 1 ; P=0.08), there were differences between the 3rd day and last day values, and between the 1st and 3rd days (P<0.05; Fig. 2 ). The fasting penguins incubating naturally showed nearly identical patterns and values as compared to the experimental birds (see Fig. 2 ).
Discussion
Chinstrap penguins seem to show poorer adaptation to fasting than other analysed penguins (i.e. Cherel et al. 1988b; Robin et al. 1988; Cherel et al. 1993) . Plasma levels of nitrogen wastes and glucose suggest that chinstraps reached phase III of fasting in only a few days. Although they showed a lower cumulative body-mass loss proportion than the larger emperor penguins (52%; Robin et al. 1988) or king penguins (47%; Cherel et al. 1988b) in phase III, they showed higher values at day 11 than another Pygoscelis penguin (gentoo) after 12 days of experimental fasting (mean 23%; Cherel at al. 1993 ). Moreover, the closely related Ade´lie penguin (see Lishman 1985; Trivelpiece et al. 1987; Williams 1995 ) loses a similar body-mass proportion to chinstraps, but only after longer periods (25% and 39% after 30 and 45 days, in males and females respectively; Vleck and Bucher 1999) . The relative body-mass loss was regular and did not increase towards the end of the experiment, as predicted by the three-phase fasting pattern. However, the sampling interval (2 days) may not have adequately detected the changes occurring.
Furthermore, plasma levels of urea showed an initial decrease (predicted in phase I), whereas both urea and uric acid significantly increased after 5 and 9 days, respectively (phase III). Moreover, similar concentrations were observed in the free-living individuals during their incubation shifts. These high values are only reached in other avian species after a long fasting period (king penguin: 1 month, Cherel et al. 1988b ; emperor penguin: 80 days, Robin et al. 1988 ; greater snow geese Chen caerulescens atlantica: 1 month, Boismenu et al. 1992) . Cherel et al. (1993) calculated that gentoo penguins would reach phase III after 17 days. They reported only 0.25 mmol/l after 11-14 days for experimental fasting gentoos. Hence, the present results Fig. 1 Proportions of body-mass change (means±SE) calculated with respect to initial values on day 1 (above) and with respect to the values on each previous sampling day (below; 2-day intervals) during experimental fasting (11 days) in 5 chinstrap penguins Fig. 2 Change in plasma biochemical parameters in 5 chinstrap penguins during experimental fasting (11 days; unfilled circles and bars: means±SE) and also in 6 incubating chinstraps during natural fasting (filled circles: days 1, 2, 4, 5, 8 and 14) suggest that chinstraps reached the last fasting phase quickly. Plasma triglycerides in birds are positively correlated to the amount of body fat (Bacon et al. 1989; Dabbert et al. 1997 ) and regularly decrease during fasting (Didier et al. 1983; Jenni-Eiermann and Jenni 1994) . Surprisingly, in chinstrap penguins this lipid first increased, declining to initial values after 9 days. In our study, triglycerides concentrations also included amounts of free glycerol. Triglycerides are the precursors of glycerol, free fatty acids and ketone bodies (Griminger 1986 ). The plasma level of these substances increases during fasting in phase I due to triglyceride breakdown, maintaining high values in phase II and abruptly decreasing in phase III (exhaustion of fat stores; e.g. Cherel et al. 1988a ). Therefore, the observed changes in plasma triglycerides might reflect fat reserve mobilisation. The same quadratic pattern of changes (increase followed by a decrease) was found in yellow-legged gulls (Larus cachinnans) during an experimental fasting period (using the same analysis method; Alonso-Alvarez and Ferrer 2001). Finally, triglycerides levels increased on the last fasting day. This might reflect some damage to the organism, such as nephrosis or biliary obstructions (e.g. Fredrickson et al. 1967) , although more information would have been needed to confirm this.
The glucose concentration decreased on the last day of fasting (lower levels than those reported by Aguilera et al. 1993 and Ferrer et al. 1994 in chinstraps) . Although several authors have detected an increment of plasma glucose in birds during phase III (Hazelwood and Lorenz 1959; Groscolas 1986; Garcı´a-Rodrı´guez et al. 1987 ), the majority have described a stable pattern throughout fasting, only decreasing close to death (e.g. Langslow 1978; Cherel et al. 1988b; Boismenu et al. 1992) . The maintenance of plasma glucose during fasting depends primarily on gluconeogenesis from tryglycerides (e.g. Stevens 1996) , and afterwards from the amino acids that are obtained from protein breakdown (Davison and Langslow 1975; Watford 1985) . The early increase in blood nitrogen wastes suggests an early use of these amino acids as glycogenic substrate. This could have contributed to a reduced capacity to maintain plasma glucose levels at the end of the fasting period.
Cholesterol may provide supplementary information about fasting physiology. In yellow-legged gulls, cholesterol level was the strongest correlated parameter with cumulative body-mass loss during fasting (Alonso-Alvarez and Ferrer 2001; Alonso-Alvarez et al. 2002) . This lipid is involved in the formation of cellular membranes, steroids and bile acids (Griminger 1986) . The plasma cholesterol level decreased from the 3rd day of fasting in chinstraps. Hence, this result might reflect the reduction of some anabolic processes. However, plasma cholesterol increased during the first few days. The stress produced by food deprivation might explain this variation. In fact, plasma cholesterol may increase in birds during periods of stress (Freeman and Manning 1976; Puvadolpirod and Thaxton 2000) and during short fasting periods (Jeffrey et al. 1985; Loo et al. 1990 ).
In summary, our results showed that chinstraps reach phase III in a short time period with respect to other studied penguin species. The chinstrap is the smallest penguin species yet analysed in any study on long-term fasting physiology. The other previously analysed Pygoscelis penguin, the gentoo, seems to show a poorer adaptation to food-deprivation than Aptenodytes penguins, but nevertheless still better than that of chinstraps (Cherel et al. 1993 ). The gentoo is the largest and heaviest penguin species other than the king and emperor penguins (Williams 1995) and is about 1-2 kg heavier than chinstraps (Cherel et al. 1993; Williams 1995) . The lower energy consumption of larger species could facilitate better reserve allocation (i.e. Croxall 1982), although gentoos do not undergo long fasting periods under natural conditions. Heavy body mass and the large size of gentoos could have evolved as an adaptation to diving (see Trivelpiece et al. 1987; Wilson 1995) or in an unknown ecological context and, at the present, these features provide them with a good fasting capacity.
Nevertheless, the other Pygoscelis species (Ade´lie penguin) has a similar body size and longer fasting periods than chinstraps. Lishman (1985) considered the difference in the length of chinstraps' and Ade´lies' fasting periods to be the result of competition for food. Ade´lies start breeding about 1 month before chinstraps, thereby enduring lower temperatures but avoiding feeding interference. In contrast, Trivelpiece et al. (1987) suggested that the length of incubation shifts in Pygoscelis penguins could be the result of an adaptation to the environmental conditions in the centre of their respective geographic distributions. In conclusion, the origin of fasting adaptations in Pygoscelis penguins remains unclear, and so the fasting physiology of the Ade´lie penguin should be analysed in future studies in an attempt to complete the scenario.
